Sixty-three children (1-14 years of age) newly diagnosed with T-cell acute lymphoblastic leukemia were treated from January 2001 to December 2014. Patient outcomes were evaluated based on the regimen received; Capizzi methotrexate (C-MTX) vs. high-dose methotrexate (HDMTX). Complete remission (CR) was achieved in 54 of 60 (90.0%) patients and 3 patients died during induction. The 5-year overall survival (OS) and disease-free survival (DFS) were 88.3 ± 6.5% and 85 ± 7.5%, respectively. Post-induction, 35 patients were treated with HDMTX and 25 with C-MTX. There was no difference in OS or DFS for patients treated with HDMTX vs. C-MTX (P > 0.05 for both). Central nervous system involvement (CNS3) was associated with inferior survival outcomes compared to Non-CNS3 patients (OS, CNS3 73.3 ± 9.1% vs.non-CNS3 93.2 ± 2.6%, (P = 0.045) and DFS, CNS3 66.7 ± 10.4% vs. non-CNS3 90.9 ± 3.1% (P = 0.0163)). Delayed radiation in CNS3 was associated with relapse (P = 0.0037) regardless of regimen. Thus optimization of CNS-directed therapy for patients with CNS3 is needed.
Introduction
T-cell acute lymphoblastic leukemia (T-ALL) is an uncommon pediatric malignancy with a historically poor prognosis [1] . The prognosis of T-ALL has improved over the last 40 years with the introduction of high dose multi-agent pulse chemotherapy [2, 3] . Early intensification with methotrexate (MTX) is a key component of most modern treatment regimens used for patients with T-ALL [4] . Treatment doses have ranged from 33.6 g/m 2 /24 h intravenous infusion to oral 20 mg/m 2 / week [5] . Higher doses have been used to control testicular and medullary disease, but had limited effect in treating central nervous system (CNS) disease [6] . An optimal dose of methotrexate has not been identified. Long-term remissions are found in 70-75% of patients with T-ALL [7] . Outcomes of patients with T-ALL are commonly reported combined with the more common B-ALL [8] . We evaluated children with T-ALL treated before and after the substitution of high dose methotrexate (HDMTX) for standard escalating Capizzi methotrexate (C-MTX) in the first interim maintenance phase (IM1). We hypothesized that the outcomes of patients with T-ALL treated with a modified
Children's Oncology Group (COG) backbone protocol [3, 9, 10] that included double delayed intensification and interim-maintenance (IM1 and IM2) phases while incorporating HDMTX would have superior outcomes compared to C-MTX. The effect of patient gender, age, white blood cell count (WBC), CNS involvement, testicular involvement, slow early response and treatment type on patient outcome was evaluated.
Materials and methods

Patients
Children 14 years of age or younger newly diagnosed with T-ALL were eligible for treatment at the Princess Noorah Oncology Center of the King Abdulaziz Medical City-Jeddah. Patients had T-cell ALL immunophenotype confirmed using flow cytometry studies. 
Study criteria
Study risk criteria included categorization of patients according to National Cancer Institute (NCI)-risk, extra-medullary disease involvement (CNS or testicular), or slow early response [11] . Patients diagnosed before January 2008 received C-MTX regardless of clinical risk factors. Patients with no high-risk (HR) features were designated as standard-risk (SR) and received C-MTX from January 2008 to December 2014. Patients with HR features were treated with a HDMTX regimen during this time period. Any patient with NCI-HR, CNS involvement (CNS3), testicular involvement, steroid pre-treated, or slow early response (defined as blasts ≥ 5% on the day 15 or end-of-induction bone marrow (BM) evaluation or positive minimal residual disease (MRD) ≥ 0.01% at the end-of-induction) were designated as HR.
A cerebrospinal fluid (CSF) blood cell count less than 5 WBC/mm 3 with no leukemic blasts was defined as CNS1. CNS2 was defined as a CSF count of less than 5 WBC/mm 3 with leukemic blasts present or a traumatic lumbar puncture with 10 or more red blood cells/mm 3 and leukemic blasts present but not consistent with CNS3 using the Steinherz/Bleyer algorithm [12] . CNS3 was defined as a CSF WBC count greater than 5/mm 3 with leukemic blasts in a non-traumatic lumbar puncture, a traumatic lumbar puncture but consistent with CNS3 by the Steinherz/Bleyer algorithm, or clinical signs of CNS involvement regardless of CSF results.
Response was assessed by BM morphology on day 15 and end-ofinduction. Remission was defined as less than 5% blasts in the BM at end-of-induction. Patients with ≥5% blasts at any time point were considered slow early responders. MRD was assessed using flow cytometry after Dec 2007 and patients with MRD greater than or equal to 0.01% were classified as slow early responders. Complete remission (CR) was defined as < 5% blasts on BM exam with no extra-medullary disease at end-of-induction therapy. Induction failure was defined as > 25% blasts on BM exam or proven residual extra-medullary disease at end-of-induction or at end-of-consolidation Not all numbers add up to the numbers of patients treated due to missing data points. M = male. F = female. CNS = central nervous system involvement; CNS1, CNS2, or CNS3. CR = complete response. REL = relaspe. ID = induction death. for patients who continued on the treatment regimen.
Treatment
Patients were treated using modified regimens based on the Children's Oncology Group (COG) experience (Table 1) (Table 1) . No prophylactic cranial irradiation (pCRT) was given. [13] Therapeutic cranial radiation (CRT) was planned for patients with CNS3 status only, at a dose of 18 Gy divided in 10 daily fractions, at the start of consolidation for patients treated with C-MTX and during the DI-2 phase for patients treated with HDMTX.
Statistical analysis
Patients were analyzed according to the treatment received (HDMTX vs. C-MTX) in IM-1. Patient gender, age, WBC, CNS status, NCI-risk, BM findings, testicular involvement, steroid pre-treatment, treatment regimen, death rate, and frequency of CR were evaluated for their effect on overall survival (OS) and disease-free survival (DFS) and as a source on variance in different treatment groups.
Continuous variables were presented as the mean ± standard deviation (SD). Count data was expressed as a number and percentage. A Mann-Whitney U test was used to compare two groups of quantitative data. A Chi-square test was used to compare count data. Fisher's exact test was used to compare categorical data when one of the values was 0. All P values presented were for 2-sided tests. Statistical significance was attributed to tests with a P value less than 0.05. No adjustments were made for multiple comparisons. OS and DFS were estimated using Kaplan Meier testing. A 1-sided log rank test was used to compare survival curves.
Results
Patient characteristics
All patients
Sixty-three children were evaluated ( Table 2 ). The male to female ratio was 4.7. Twenty-four patients (38.1%) ≥ 10 years of age and 38 (60.3%) patients had WBC ≥ 50,000/μL. Thirty-five (56%) patients had CNS1 status, 12 (19%) had CNS2, and 15 (24%) CNS3. Two male Table 3 Cranial radiation therapy (CRT) for CNS3 patients. (+/-) = (# with characteristic/# without characteristic).
patients had testicular involvement. One patient had history of steroid pre-treatment. Fifty-five patients were classified as HR and 8 as SR. Three (4.8%) patients died during induction. Of the 60 patients surviving induction, 35 received HDMTX and 25 C-MTX. Mean followup was 5.24 ± 2.46 years (range: 0.02-10.6). The 5-year OS and DFS were 88.3% (6.5% SE) and 85% (7.5% SE), respectively (Fig. 1a) . No second malignancies were diagnosed during follow-up.
CNS relapse was more frequent in patients with CNS3 (P = 0.00326). Five of the 6 (83.3%) patients who relapsed had CNS3 status and 5 out of 15 (33.3%) patients with CNS3 status had a CNS Relapse (Table 3) . CNS3 status was found in similar proportion in both genders (P = 0.91), however, females were more likely to relapse than males (P = 0.0179) ( Table 4) .
HDMTX vs. C-MTX
Patients treated with HDMTX and C-MTX were evaluated (Table 2) . Patients in the two groups had similar gender distribution (P > 0.05), age (P = 0.05), WBC (P > 0.05), CNS3 involvement (P > 0.05), and incidence of achieving CR (P > 0.05).
Patient WBC and NCI-risk category did not affect death or relapse rates in patients treated with C-MTX (P > 0.05 for both). However, patients treated with C-MTX older than 10.25 years had more deaths than younger patients (optimal cut-point, P = 0.0117). These older patients had a shorter OS and DFS than the younger patients (OS P = 0.0080, DFS P = 0.034). Patients with CNS3 more frequently relapsed than non-CNS3 patients (P = 0.033). Females treated with C-MTX had more frequent deaths than males (P = 0.011).
In contrast, gender, age, WBC, and NCI-risk did not affect death or relapse rate in patients treated with HDMTX. Of patients treated with HDMTX, those with CNS3 had higher death and relapse rates than non-CNS3 patients (P = 0.033). Patients with CNS3 had shorter OS than non-CNS3 patients (P = 0.039).
There were a similar number of CR (P > 0.05) and deaths in the two treatment groups (P > 0.05). Time to relapse was similar in the 2 treatment groups (P > 0.05). There was no difference in the OS or DFS of patients treated with the different regimens (P > 0.05 for both) (Fig. 1b and c) . The 5-year DFS for the HDMTX vs. C-MTX regimen was 85.7% (8.9% SE) vs. 84.0% (8.7% SE), respectively.
Relapse
Relapses occurred in six (10%) patients; all relapses involved the CNS. Relapses occurred 0.98 ± 0.63 years after diagnosis (range: 0.31-1.9). Four of the patients who relapsed were treated with HDMTX and two with Capizzi MTX. All relapses, except one, occurred in patients with CNS3 status. Fig. 2a and b) . All but 4 of these 15 patients received CRT (Table 3) . Of note, all the four patients who did not receive CRT relapsed, while only one out of 11 (9.1%) who received CRT relapsed. Thus delay in CRT was significantly associated with relapse (P = 0.0037). However, there was no difference in the OS and DFS of CNS3 vs. non-CNS3 patients treated with HDMTX or C-MTX (P > 0.05 for both). All relapses in CNS3 patients treated with the HDMTX regimen occurred before the start of their planned CRT date (week 16 to week 42.9). In contrast, both relapses in CNS3 patients treated with the C-MTX regimen occurred in females, one before receiving CRT (parents refused) and one after CRT, with the time of relapse occurring at week 21.7 in one and week 99.1 in the other patient.
Overall, female patients had more deaths than male patients (P = 0.0066) ( Table 4 ). Evaluation of events showed a preponderance of female, compared to male, deaths (P = 0.048) and relapses (P = 0.021). The 5-year OS and DFS were higher in male than in female patients ( Fig. 2c and d) (OS: 91.9 ± 3.4% vs. 64.3 ± 17%, P = 0.043; DFS: 90 ± 4.3% vs. 56 ± 17%, P = 0.011). This effect was mainly in patients treated with the C-MTX regimen (Table 4) . Male children treated with C-MTX had a higher 5-year DFS survival than females (95.2 ± 4.7% vs. 25 ± 22%, P < 0.0001). However, there was no difference in the 5-years DFS of male and female children treated with HDMTX (P > 0.05).
Discussion
Sixty children with T-ALL treated with C-MTX or HDMTX from Jan 2001 to Dec 2014 were evaluated for outcome. The male to female ratio was 4.7, higher than previous reports where the ratio ranged from 3.0 −3.7 [5, 14] . Overall, 54 of 60 (90%) had a CR and 7 of 60 (11.7%) died, with female patients having the highest death rates. The overall death rate in our patients was similar to that of previous reports [15] . Fifty patients were still alive at last follow-up with a mean follow-up of 4.99 ± 2.39 years. The 5-year DFS was 85% (7.5% SE). These findings are comparable with results reported by major cooperative groups [2, 5, 16] .
Patients with T-ALL have historically had a poor prognosis compared to B-ALL, largely due to CNS disease recurrence. The introduction of CRT and intrathecal (IT) chemotherapy has had a large impact on CNS disease, improving these outcomes. In the present study, all relapses occurred early, within 2 years of treatment, and all relapses had a CNS component. Relapse occurred in 33.3% of CNS3 patients. All patients with CNS3 that did not receive CRT relapsed while approximately 9% of patients with CNS3 who received CRT relapsed. Treatment with HDMTX did not eliminate the negative impact of CNS3 status, as approximately 65% of patients who relapsed were treated with the HDMTX regimen. Thus, further optimization of CNS-directed therapy is needed in patients with CNS3.
While pCRT has been used in patients with HR T-ALL, it has not gained widespread acceptance due to mixed positive findings and treatment related toxicity [13, 17] . pCRT was compared to IV HDMTX plus IT MTX in a randomized study of HR T-ALL patients and similar outcomes were found in both groups [18] . Patients receiving pCRT had a 10.6% lower incidence of CNS relapse and a 6.3% higher incidence of non-CNS relapse. No difference in 10-year EFS was seen. This was one of several studies that showed a decreased need for pCRT in T-ALL patients when IT therapy was used. We treated 44 patients with C-MTX or HDMTX that did not have CNS3 at initial diagnosis. These patients did not receive pCRT and had 5-year OS and DFS rates greater than 90%. Only one of these patients (2.3%) developed a CNS relapse. This finding reflects the improvement in outcomes of childhood T-ALL with current intensive therapy. Different methods have been used to intensify CNS-directed therapy in ALL including the use of triple IT (ITT), HDMTX, intensified asparaginase, and dexamethasone [1] . The use of intensive ITT has been suggested to decrease the risk of CNS relapse [1] . ITT consisting of cytarabine, MTX, and hydrocortisone has been used to replace pCRT in intermediate risk patients with T-ALL [19] . ITT has been used for the prophylactic treatment of T-ALL patients and was associated with a 1.5-4.5% relapse rate [1] . CRT is usually reserved for patients with CNS3 disease or HR patients [20, 21] . Treatment regimens for CNS3 disease include ITT starting during induction and throughout treatment, with variable doses during maintenance [20] . Patients we treated did not receive ITT. Instead they were treated with IT MTX. The use of ITT may improve patient CNS outcomes. CRT was administered for patients with CNS3 status in our study. However, patients with CNS3 who experienced a relapse did not receive the planned CRT as their relapse occurred before the planned timing of CRT. Therefore, intensifying IT therapy using ITT may help better control CNS3 disease.
In our study systemic therapy was intensified with the use of dexamethasone instead of prednisone, double DI, double IM, and HDMTX. In addition, the total number of IT MTX doses ranged from 19-21 doses in females and 26-28 in males. These measures may explain the comparable outcomes of patients treated with HDMTX vs. C-MTX in our study.
Female gender was more frequently associated with death than male gender, in contrast to previous studies [5, 22, 23] . Females we treated with the C-MTX regimen had a significantly inferior 5-yr DFS compared to males. Studies suggest that methotrexate clearance is lower in females compared to males, resulting in higher drug levels and toxicities in females. Female children with ALL have been reported to have a higher incidence of treatment related toxicity, treatment delays, and deaths than males [24] . Pharmacokinetic studies in Norwegian children being treated for high grade osteosarcoma with HDMTX showed gender differences in MTX metabolism [25] . Pre-treatment erythrocyte folate concentrations were higher in males than in females and the highest peak treatment concentrations of MTX were seen in female children. Serum ALT concentrations were found to be related to clearance of MTX, gender, age and serum 7-OH-MTX concentrations, with younger female children having the strongest correlations. 7-OH-MTX concentration was felt to be related to hepatic toxicity and female children were affected more than male children. This finding was of particular interest as the C-MTX regimen we used did not include folinic acid rescue, while the HDMTX regimen did. Attention to intensive hydration, maintaining adequate renal function and monitoring serum MTX levels are standard practice to minimize MTX-related toxicities in patients receiving HDTMX but not the C-MTX regimen. As female patients treated with C-MTX had significantly more death and relapse events, utilizing the HDMTX regimen with folinic acid rescue, particularly in female patients, may be justified.
Several polymorphisms can affect MTX dosing and related toxicity. The MTHFR C677T polymorphism has been associated with an increased risk of MTX-induced all-grade and severe hepatic and gastrointestinal toxicities in Caucasian adults being treated for cancer [26] . The expression of multidrug resistance gene polymorphisms, like ABCC2, have been noted to affect folate metabolism and related MTX toxicity [27] . Polymorphism analysis in Arabs has shown a lower frequency of the MTHFR C677T polymorphism than that found in Caucasians [28] . The frequency of similar polymorphisms in the Saudi population is not known.
Several recent advances may contribute to improved outcomes in patients with T-ALL. Nelarabine is a promising new agent undergoing evaluation [16] . Early studies in newly diagnosed adults suggest there is low toxicity and good efficacy associated with its use. Experience in children is limited and nelarabine efficacy studies from the COG AALL0434 are still ongoing [15] . The evaluation of MRD is becoming an important prognostic indicator of relapse [29] . Polymerase chain reaction determination of genetic markers in MRD may better define high risk patients with T-ALL and allow individual adjustments to treatment, minimizing toxicity or relapse, depending on patient risk [30] .
There were several limitations to this study. There were a small number of patients treated in each treatment arm, limiting the power to detect differences in outcomes. About 40% of patients had less than 5 years follow-up, although patients with T-cell ALL most frequently relapsed within 2 years of treatment [4] . Patients treated with C-MTX had longer follow-up than patients treated with HDMX. Despite this, survival outcomes between the two regimens were similar suggesting no added benefit to the incorporation of HDTMX, particularly for patients with CNS3 status.
Conclusions
Treatment of T-cell ALL is improving with intensification of therapy. The incorporation of HDMTX on a double DI and IM backbone did not impact survival outcomes. Patients with CNS3 disease should be considered for early intensification of IT therapy using ITT and/or early therapeutic CRT in order to prevent CNS relapse. MTX metabolism in female children needs further investigation. This report demonstrates the world-wide improvement in treating children with T-ALL and suggests the need to optimize CNS-directed therapy in patients with T-cell ALL and CNS3 status.
